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GENERAL INTRODUCTION 
Thesis Organization 
The thesis is organized in the following manner: a general introduction of the research 
problem including a literature review, three manuscripts to be submitted for publication in 
scientific journals, a summary of results (not to be submitted for publication) on the ability of 
Nitidulidae to transfer Beauveria bassiana, a general conclusion, a list of references cited in 
the general introduction, and acknowledgments. 
Literature Review 
Beauveria bassiana. The entomopathogenic fungus Beauveria bassiana belongs to 
the phylum Ascomycota and the subdivision Deuteromycotina (Fungi Imperfecti) most of 
which are saprophytes, but many are phytopathogens. Imperfect fungi are defined by the fact 
that they are not known to reproduce sexually. Nearly all of the deuteromycetous fungi that 
are entomopathogens such as B. bassiana, are Hyphomycetes, which produce their conidia 
free on their mycelia. 
Entomopathogenic fungi are distributed widely and play a major role in natural insect 
control worldwide (Chenwonogrodzky 1980). Amber fossils from the Cenozoic 
approximately 25 million years ago, are the first record of a fungal-insect relationship, which 
was also the time period most of the extant insect families were arising in a variety of 
ecosystems (Poinar and Thomas 1982, Poinar 1984). These prehistoric fungi are believed to 
be the ancestors to the entomopathogenic genera Beauveria and Entomophthora. Many of 
the Ascomvcotina that made the transition from the stable tropical forest habitats to the less 
predictable seasonal climates, lost their ability for genetic recombination in favor of the 
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production of massive numbers of dry conidia (Evans 1988). The polysaccharide chitin. 
which is the common component to insect cuticles and fungal cell walls, would have been a 
main component in the potentially exploitable substrates amongst the debris of tropical soil. 
Utilization of chitin by heterotrophs was inevitable and would have been the first step in the 
development of an entomogenous lifestyle. 
Beauveria bassiana is well adapted for soil survival, either as conidia or saprophytic 
mycelia (Gottwold and Tedders 1984). The fungus survives in the soil during periods of 
adverse environmental conditions or periods of low host densities. Infection of an insect host 
has three steps; adhesion, germination, and penetration. Adhesion to the host cuticle takes 
place as the conidia are extremely hydrophobic and are capable of binding to the insect 
cuticle (Boucias et al. 1988). The outer layer of the conidia are composed of unique 
interwoven rodlets that not only give the conidia its hydrophobicity but also serve to protect 
the conidia from biotic and abiotic factors (Hegedus et al. 1992). Once a conidium attachs to 
the host cuticle, the spore germinates and a germ tube is produced. 
Three different events can occur on the surface of the insect cuticle as the conidia 
germinate; immediate penetration, random growth of hyphae without penetration, and a 
limited amount of hyphal growth followed by eventual penetration (Perkul and Grula 1979). 
Strains exhibiting extensive hyphal growth before penetration typically have low virulence, 
while strains with rapid penetration of the insect cuticle are highly virulent (Perkul and Grula 
1979). On the surface of Heliocoverpa zea (Lepidoptera: Noctuidae), B. bassiana 
germinates within 18 hrs and immediately begins to penetrate the cuticle at several infection 
sites (Perkul and Grula 1979). Germinating hyphae also produce enzymes, which degrade 
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the cuticle and form holes at the point of entry. Germ tubes are able to penetrate nearly all 
parts of the H. zea larval cuticle including entry through the respiratory system, but are 
unable to penetrate the head capsule (Perkul and Grula 1979). 
Once the hyphae enter the hemoceol of the insect, they multiply extensively. Hyphal 
growth continues in the host along with the production of the toxic substance beauvericin by 
some strains, which is involved in killing the host (Dresner 1950. Suzuki et al. 1977). The 
gut wall is the site of initial hyphal infection via the integument and appears to be the cause 
for the cessation of feeding and lack of weight gain in larvae once an infection has been 
established (Perkul and Grula 1979). An extensive hyphal phase then develops involving 
nearly all of the host tissues, eventually leading to exit from the hemoceol and production of 
conidia on the surface of the host (Burge 1988). Conidia on the surface of the host are 
available to be carried about by wind or rain. 
The role of environmental conditions in the dispersal of fungal pathogens of plant 
diseases has been and continues to be an active area of research. Weather conditions most 
commonly studied in the spread of fungal plant pathogens are wind patterns in the dispersal 
of dry-dispersed fungal spores, and rainfall intensity, duration, and droplet size in the 
dispersal of soil-borne fungal spores. Dispersal of inoculum is central to the development of 
a disease epidemic in plant pathogens in which the increase of disease relies on repeated 
infection cycles and dispersal of inoculum to new infection sites (Aylor 1990). Development 
of disease epidemics by entomogenous fungi occurs in the same way, but the role of 
meteorlogical events in the spread of the inoculum to new infection sites is not well 
understood. 
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Beauveria bassiana conidia have been isolated from the surface of com plants after a 
rain event. Rainfall has been observed to disperse B. bassiana from the soil to the surface of 
the corn plant (L. C. Lewis, unpublished data), but the extent and mechanism of transfer has 
not been quantified. The movement of B. bassiana conidia through the soil profile is 
positively correlated with water infiltration rates, although total vertical movement is 
restricted, and greater than 94% of the total conidia were recovered from the upper 5 cm of 
the soil profile (Storey and Gardner 1988, Storey et al. 1989). The upper portion of the soil 
profile would then be expected to harbor the majority of the conidia present in the soil, and 
these conidia would be readily available for transport to the surface of corn plants during a 
rain event. 
Reduced tillage systems have higher inoculum levels than intensely tilled systems 
(Sosa-Gomez and Moscardi 1994). Biotic factors that have been suggested as reasons for the 
increase in inoculum in reduced tillage systems include soil capacity to retain water. 
increased organic matter (conservation tillage), and lower soil temperatures (Bing and Lewis 
1992b. Sosa-Gomez and Moscardi 1994, Vieira 1981). Reduction in B. bassiana inoculum in 
tilled systems has been attributed to the addition of carbon and nitrogen and the subsequent 
stimulation of soil microflora (Lingg and Donaldson 1981). 
Beauveria bassiana is an unique entomopathogenic fungus in the fact that it is not 
only an effective pathogen of a wide variety of insect pests, but it is also able to form an 
endophytic relationship with a variety of plants, the most economically important of which is 
com. The term "endophyte" is used to describe a relationship between a fungus and a plant 
in which both organisms benefit from the relationship. The com plant benefits from reduced 
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insect attack and B. bassiana is able to survive in the moist, humid environment inside the 
com plant. 
Formation of the endophytic relationship between the com plant and B. bassiana 
begins much like that in the infection of an insect host (Wagner and Lewis 2000). Once the 
conidium adheres to the com leaf, it germinates and penetrates the leaf directly showing no 
appressorial-like structures at the penetration site. The germ tube enters directly into the leaf 
through a constricted passage, suggesting that enzymatic activity plays a part in producing a 
small hole in the plant cuticle. After penetration, the primary hyphae develop rapidly into a 
multicellular, branched network that may grow into neighboring epidermal cells and into 
intercellular spaces. Movement of B. bassiana has been documented (Bing and Lewis 1991. 
1992a). but the mechanism of movement is poorly understood. It has been proposed that 
movement of B. bassiana may be passive within the xylem tissue, or may be the result of 
mycelial growth (Wagner and Lewis 2000). Beauveria bassiana hyphae occur in the 
vascular xylem tissue of plants containing the endophyte and are assumed to be able to move 
throughout the plant via the interconnecting xylem tissues (Wagner and Lewis 2000). 
External conidial formation has yet to be documented from endophytic com plants, nor has 
there been any documentation of ill effects to the host plant. 
Because of its unique endophytic relationship. B. bassiana has been used 
experimentally as a crop protectant. Beauveria bassiana applied in a granular formulation 
during the whorl stage of com development (Richie et al. 1997) provides season long 
suppression of the European com borer. Ostrinia nubilalis (Hiibner) (Lepidoptera: 
Crambidae) (Lewis and Cossentine 1986. Lewis and Bing 1991). There are currently several 
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granular and liquid formulations of B. bassiana being evaluated for their effectiveness in 
season-long suppression of O. nubilalis. Corn plants treated in the whorl stage for control of 
O. nubilalis have a 50% reduction in the number of infested plants and cm of tunneling, 
along with an average 9% increase in com yield. In addition to the development of B. 
bassiana for suppression of O. nubilalis, B. bassiana is registered for use to control pests in 
greenhouse vegetables and ornamentals. Mycotech Corp. (Butte, MT) is selling formulations 
of B. bassiana under the trade name Botanigaurd™ for the control of many common 
greenhouse pests. Further advances in strain identification, production, and formulation will 
increase the effectiveness of B. bassiana as a crop protectant and will give growers an 
alternative to synthetic insecticides for insect pest control. 
Corn Rootworm Complex. The com rootworm complex is composed of three 
species of insects, the northern com rootworm, western com rootworm, and southern com 
rootworm. Diabrotica barberi Smith and Lawrence (Coleoptera: Chrysomelidae), Diabrotica 
virgifera virgifera LeConte (Coleoptera: Chrysomelidae) and Diabrotica undecimpunctata 
howardi Barber (Coleoptera: Chrysomelidae), respectively. Diabrotica barberi and D. 
virgifera virgifera overwinter in Iowa as diapausing eggs and are the most common species, 
while D. undecimpunctata howardi migrates into Iowa from the southern regions of the 
United States and generally is of little importance from an economic standpoint (Luckmann 
1978). 
Diabrotica virgifera virgifera was first identified in Kansas in 1867 (LeConte [1868-
69]. who identified the species), and first recognized as a pest of com in Colorado in 1909 
(Gillette 1912). By the 1940s, D. virgifera virgifera had become a major pest of com in 
7  
Kansas and Nebraska (Ball 1957). The area occupied by D. virgifera virgifera since 1955 is 
now larger than its entire distribution prior to that time (Chiang 1973). Diabrotica barberi 
was first recorded from Colorado in 1824 and up to 1955 had an extensive distribution in the 
north-central region of the United States (Chiang 1973). The expansion by D. barberi has 
not been as extensive as that of D. virgifera virgifera and may be the result'of several factors. 
The two species are similar genetically and do interbreed. The offspring of the cross produce 
viable eggs and adults which are morphologically similar to D. virgifera virgifera (Hinz and 
George 1965). There is however, a large disparity in the number of eggs produced by each 
species. Under similar environmental conditions. D. virgifera virgifera lays > 1,000 eggs per 
female (Branson and Johnston 1973, Hill 1975), while D. barberi lays only an average of 274 
eggs per female (Naranjo and Sawyer 1987). These two factors most likely account for the 
increased distribution of D. virgifera virgifera because of its higher reproductive capacity and 
the fact that, where the two populations overlap, any offspring resulting from a cross are 
phenotypicallv D. virgifera virgifera. 
Eggs of both species are found distributed vertically in the top 10-20 cm of soil 
(Levine and Oloumi-Sadeghi 1991, Pruess et al. 1968). Soil cultivation disperses eggs 
horizontally and vertically (Chiang 1965, Gould 1971. Patel and Apple 1967). Egg hatch 
occurs in the spring, at which time the larvae begin to feed on the roots of young com plants. 
Yellow dent com is the crop which sustains the majority of the damage, however other types 
of com including pop. flint, flour, and sweet are also attacked (Levine and Oloumi-Sadeghi 
1991). Com rootworm are also able to survive and even reproduce on several species of 
grasses (Branson and Ortman 1967a. b. 1970. 1971). Larvae develop through 3 instars and 
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pupate in the soil. Pupation occurs between 0-22 cm in depth, indicating that adults may 
have to move a considerable distance in the soil before emergence (Sechriest 1969). Once 
emerged from the soil, adults are mobile and feed on the pollen of flowering plants such as 
goldenrod Solidago spp. as well as the ear silks of corn (Naranjo and Sawyer 1987). High 
adult com rootworm populations can lead to severe clipping of silks and feeding on tip 
kernels resulting in a reduction in pollination and subsequent yield loss. Mating occurs and 
eggs are deposited in the soil. The ovipositional period for corn rootworm is long, and 
appears to be limited only by the suitability of environmental conditions and the availability 
of food (Naranjo and Sawyer 1987). 
Diabrotica virgifera virgifera and D. barberi are the most damaging insect pests of 
corn, (Zea mays), in the major corn-producing states of the north central United States and 
Canada (Levine and Oloumi-Sadeghi 1991). Losses from these insects approaches $1 billion 
annually when costs for insecticide treatment to control larvae and adults are combined with 
reduced yield (Metcalf 1986). Larval feeding on corn roots results in a reduced water and 
nutrient uptake and extensive feeding makes plants more susceptible to lodging (Kahler et al. 
1985). Infection by root and stalk fungi may also be facilitated by larval feeding (Palmer and 
Kommedahl 1969). 
Control of com rootworm is primarily focused on controlling larvae with a soil 
insecticide. Larval sampling is difficult and time consuming and a prophylactic treatment of 
soil insecticide historically has been applied on acreages of continuous com with no 
knowledge of com rootworm populations. In order to limit needless soil insecticide 
applications. Turpin (1974) proposed using adult counts to estimate subsequent larval 
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populations. Fields with beetle populations of < 1 beetle per plant were projected not to have 
economically damaging larval populations, while fields with > 1 beetle per plant would 
require soil insecticide treatment the following spring. This approximation was further 
refined to increase its precision by lowering the treatment threshold to 0.75 or 0.90 beetles 
per plant (Stamm et al. 1985). Other studies however, suggest that prophylactic treatment 
with soil insecticides on acreages of com following com to be the optimal strategy for 
managing com rootworm in Iowa (Foster et al. 1986). 
Because the com rootworm cannot survive on the roots of alfalfa, soybean, or wheat, 
crop rotation has long been an effective management tool. In fields where com follows com, 
soil insecticides are applied at planting time to protect roots from larval feeding (Levine and 
Oloumi-Sadeghi 1991). In addition to soil insecticide application, biological agents have also 
been employed to control com rootworm. The entomopathogenic fungi Beauveria bassiana 
(Balsamo) Vuillemin and \letarhizium anisopliae (Metsch.) Sorok in (Deuteromycotina: 
Moniliales) have been evaluated for control of com rootworm (Krueger and Roberts 1997). 
Soil applications of the two fungi generally lower root ratings compared to the infested 
control plots, however, problems in isolate selection, ease of production, formulation, 
acceptable shelf life, and stability in the environment following application currently limit 
their large scale use (Krueger and Roberts 1997). Entomopathogenic nematodes have also 
been evaluated for their ability to control com rootworm. Several strains of nematodes and 
methods of application have been studied. A soil application of nematodes near the base of 
com plants provided better control than knifing the nematodes into the soil (Jackson 1996). 
Until recently the practice of controlling corn rootworm larval populations by 
suppressing adult populations the previous year had not been under taken on a large scale. 
Studies initiated in 1996 were aimed at determining the effectiveness of an "areawide 
integrated pest management program". The United States Department of Agriculture 
(USDA) is currently performing large scale studies in 5 states to determine the efficacy of 
aerial applications of a low-dose insecticide bait composed of carbaryl and cucurbitacins 
(Comis 1997). The idea behind the areawide program is to target a key pest and control it 
over a large geographical area with the participation of all growers, so that the insect is 
unable to avoid control measures. If the areawide strategy proves effective, it could 
revolutionize management of the com rootworm and help the USDA reach its goal of having 
75% of the cropland in the United States under integrated pest management by the year 2000 
(Comis 1997). 
European Corn Borer. The European com borer, Ostrinia nubilalis (Hiibner) is a 
nest of foreign origin that was first discovered in the United Stales in 1917 (Baker et al. 
1949). Ostrinia nubilalis spread westward across the United States with the first documented 
infestation occurring in Iowa in 1942 (Harris and Brindley 1942). In Iowa, losses incurred 
from O. nubilalis are estimated to rank second annually to the com rootworm complex 
(Bergman et al. 1985). 
There are two generations of O. nubilalis in Iowa. Mature 5th instars are the 
overwintering stage and moth flight begins in late May to early June. Moths lay their eggs on 
the underside of com leaves. During the first generation, when com is in the vegetative 
stage, larvae through the 3rd instar feed on whorl tissue causing the characteristic "shot-hole" 
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damage, whereas the 4th and 5th instars invade the stalk, shank, and ear (Dickie and Guthrie 
1988). During the second generation, when corn is in the reproductive stage, young larvae 
become established in florets, on pollen accumulations in leaf axils and ear. again with later 
instars tunneling into the stalk, shank, and ear (Dickie and Guthrie 1988). 
There are a number of biological factors effective in maintaining O'. nubilalis 
populations. In an attempt to control O. nubilalis. insect parasitoids were imported from 
Europe yearly from 1919-1927 (Jones 1929) and from the Orient from 1927-1936 (Baker et 
al. 1949). Several species were introduced to Iowa, however, only Macrocentrus grandii 
(Hymenoptera: Braconidae) Goidanich and Eriborus terebrans (Gravenhorst) (Hymenoptera: 
Ichneumonidae) remain (Lewis 1982). Lydella thompsoni Herting (Diptera: Tachinidae), 
once a prominent parasitoid, has not been reported in Iowa since 1966 (Lewis 1982). 
In addition to parasitic insects there are several pathogens that attack O. nubilalis, the 
most important of which are Nosema pyrausta (Paillot) (Microspora: Nosematidae) and B. 
bassiana. The microsporidium N. pyrausta is an effective agent in integrated pest 
management programs for the suppression of O. nubilalis (Sajap and Lewis 1989). Nosema 
pyrausta is an obligate parasite of O. nubilalis (Sajap and Lewis 1992) which slows larval 
development rate and increases mortality (Zimmack et al. 1954. Kramer 1959, Siegel et al. 
1986. Solter et al. 1990) and adults infected have reduced fecundity and longevity (Windels 
et al. 1976). Beauveria bassiana has also been shown experimentally to suppress populations 
of O. nubilalis (Bartlett and Lefebvre 1934. Stirrett et al. 1937. Beall et al. 1939. York 1958. 
Lewis and Cossentine 1986. Feng et al. 1988. Lewis and Bing 1991). 
12  
Nitidulidac. Sap beetles (Coleoptera: Nitidulidae) are cosmopolitan pests of a wide 
variety of fruits, vegetables, and stored plant products (Hinton 1945, Connell 1956). 
Nitidulids (Carpophilius lugubris) have also been found to vector a variety of 
microorganisms, including the fungi that produce aflatoxins (Lussenhop and Wicklow 1990), 
along with the mycoparasite of western gall rust, Scytalidium uredincola (Currie 1995). 
The four-spotted fungus beetle, Glischrochilus quadrisignatus (Say) (Coleoptera: 
Nitidulidae) has a long association with corn (McCoy and Brindley 1961). Vinal and Caffery 
(1919) were the first to report adults of G. quadrisignatus in 0. nubilalis larval tunnels, but 
did not report any prédation. Later, others did observe adult beetles preying on O. nubilalis 
larvae, especially injured larvae (Huber et al. 1928, Everly 1938). Adults are the 
overwintering stage of the beetle and their emergence coincides closely with the beginning of 
stalk tunneling by first generation O. nubilalis (McCoy and Brindley 1961). Beetles 
congregate in O. nubilalis tunnels to feed on frass to which they are initially attracted, and 
have a reductive effect on O. nubilalis larval populations. Glischrochilus quadrisignatus has 
been estimated to cause an 8% reduction in the total O. nubilalis population by preying on 
injured or weakened larvae and by driving larvae from their tunnels (McCoy and Brindley 
1961). 
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Objectives 
This research examines the dynamics of Beauveria bassiana in the agroecosystem. 
The specific objectives of my research project were: 
1. Determine the role of rainfall in transferring Beauveria bassiana to the surface of corn. 
2. Determine the efficacy of whorl and pollen-shed stage applications of B. bassiana to 
control adult Diabrotica virgifera virgifera. 
3. Assess the level of adult Diabrotica spp. infection at emergence with indigenous B. 
bassiana. 
4. Determine if Nitidulidae can transfer Beauveria bassiana conidia. mechanically and/or via 
their fecal material. 
RAINFALL AND RESIDUE EFFECTS ON SOIL DISPERSION AND BEAUVERIA 
BASSIANA SPREAD TO CORN 
A paper submitted to Environmental Microbiology 
Denny J. Bruck and Leslie C. Lewis 
Abstract 
Our objective was to determine the role of rainfall in dispersing Beauveria bassiana 
(Balsamo) Vuillemin to the surface of com (Zea mays) from soil with different levels of crop 
residue. Crop residue levels were 0.53, 34, 59 and 84 percent. Simulated rainfall in a 
raindrop tower study at an intensity of 73 mm per hour caused a significant increase in the 
mean number of B. bassiana colony forming units (CPU) isolated from the surface of corn 
plants. Plants receiving rain had a mean (± SEM) of 8.8 ± 2.8 CPU per plant; those that did 
not receive rain had a mean of 0.03 ± 0.01 CPU per plant. The milligrams of soil collected 
from the surface of plants also was significantly influenced by the simulated rainfall. Plants 
receiving rain had a mean of 15.7 ± 1.7 mg of soil per plant while controls had a mean of 3.4 
± 0.4 mg of soil per plant. Linear regression showed highly significant negative relationship 
between the mean milligrams of soil and the mean number of CPU per plant on the four 
levels of crop residue. The amount of soil and number of CPU per plant decreased 
significantly with increasing levels of crop residue. In conservation and no-till systems, field 
results were similar to those recorded in the raindrop tower. The mean number of CPUs and 
milligrams of soil per plant were both higher in conservation-tilled plots than no-till plots, 
where surface residue averaged 45 and 95%, respectively. Rainfall plays an active role in the 
dispersal of B. bassiana from the soil environment to the surface of whorl stage com. 
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Increasing levels of crop residue reduces the amount of soil and fungal transfer to the surface 
of young corn. 
Introduction 
The effects of environmental factors on the dispersal of fungal plant pathogens has 
been, and continues to be. an important area of research. The factors most commonly studied 
are wind patterns for dispersal of dry-dispersed fungal spores and rainfall intensity, duration, 
and droplet size for dispersal of soil-borne spores (Ay lor. 1990: Madden, 1997). However, 
the influence of these environmental factors on the spread of entomogenous fungi, for the 
most part, is unknown. 
Beauveria bassiana (Balsamo) Vuillemin (Deuteromycotina: Hyphomycetes) is a 
ubiqutous. entomopathogenic fungus, virulent against European corn borer. Ostrinia 
nubilalis (Hiibner) (Lepidoptera: Crambidae), that has been used extensively to suppress 
larval populations (Feng et al.. 1988: Bartlett and Lefebvre. 1934; Beall et al.. 1939; Stirrett 
et al.. 1937: York, 1958: Riba. 1984: Lewis and Cossentine. 1986: Marcandier and Riba. 
1986: Lewis and Bing, 1991). In addition to suppressing com borer populations, B. bassiana 
forms an endophytic relationship with corn (Bing and Lewis. 1991; 1992). A conidium on 
the surface of a corn leaf germinates, the germ tube elongates, and penetrates the leaf cuticle 
just as it penetrates the cuticle of an insect (Wagner and Lewis. 2000). Conidia germinate 
regardless of topographical signals on the leaf surface, and hyphae penetrate the plant cuticle 
directly; microscopic observations suggest both an enzymatic and mechanical mechanism of 
penetration (Wagner and Lewis. 2000). Once in the plant, hyphae grow within the leaf 
apoplast and within the xylem elements. Growth within xylem tissues may explain the 
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systemic nature of the fungus within com plants (Wagner and Lewis, 2000). Beauveria 
bassiana also survives as a soil saprophyte. 
Because of the biology of B. bassiana and previous observations of conidia on the 
surface of com after a rain event (L. C. Lewis, unpublished), the role of rainfall in the 
dispersal of conidia from the soil to the surface of com deserves study. Application of an 
aqueous formulation of B. bassiana to soil in long-term tillage regimes showed that 
movement of conidia through the soil profile was positively correlated with water infiltration 
rates. Total vertical movement was restricted and more than 94% of the conidia were 
recovered from the upper 5 cm of the soil profile (Storey and Gardner, 1988). Filtration of 
the conidia (2-3 x 2.0-2.5 ^ra) apparently occurs as they pass through the soil matrix (Storey 
et al., 1989). Thus, the upper portion of the soil profile would be expected to harbor conidia 
for transport to the plant surface during a rain event. 
Reduced tillage systems have higher inoculum levels of B. bassiana than intensely 
tilled systems (Sosa-Gomez and Moscardi, 1994). Biotic factors suggested to explain this 
increase in inoculum in reduced tillage systems include soil capacity to retain water, 
increased organic matter (conservation tillage), and lower soil temperatures (Vieira, 1981; 
Bing and Lewis, 1992; Sosa-Gomez and Moscardi, 1994). Reduction in B. bassiana 
inoculum in intensely tilled systems has been attributed to the incorporation of carbon and 
nitrogen and the subsequent stimulation of soil microflora (Lingg and Donaldson, 1981). 
Based on these biological relationships, the objectives of this study were to determine the 
role of rainfall in the movement of soil-bome B. bassiana to the surface of com and 
determine the impact of the level of crop residue on fungal transport. 
Experimental Procedures 
Laboratory Studies 
Experiments were performed as a randomized complete block design with three 
replications and four treatments. Treatments were the amount of crop residue covering the 
surface of the soil in each potting flat. Eight com plants (Garst 8543, Garst Seed Company, 
Slater, IA) were grown in 36 cm x 51.5 cm x 9.5 cm flats (Dyna Flat: Hummert International. 
Earth City, MO). Flats were filled with topsoil to within 2 cm of the top. Before placing soil 
in the flat, the base was lined with a piece of fiberglass screening to allow excess water to 
drain through the holes in the base. Two rows of four plants were planted in each flat and the 
appropriate amount of sterilized corn residue was applied to the soil surface. 
The corn residue used was collected from cornfields harvested mechanically in the 
fall of 1999 and sterilized at 220 C, 20 psi for 20 min in an autoclave. Field-collected residue 
was used to best simulate the size and condition of residue particles that would occur in the 
field. The size of the residue ranged from 5-15 cm long and 1.25-5 cm in width. The mean 
amounts of crop residue covering the surface of each flat were 0.53 (control), 34, 59, and 
84%. The exact amount of crop residue covering each flat was determined using digital 
analysis. The residue in the control treatment consisted only of a small amount of plant 
material and rocks present in the topsoil used, no additional crop residue was added. Pictures 
of each flat were taken with a digital camera (Olympus Digital Camera. D-600L) 
immediately after applying residue. Quantification of percentage crop residue was done by 
the digital analysis center. Iowa State University. Ames. IA. 
Each flat was treated with 1.5 g of corn kernel granules (14-20 mesh) formulated at 
4.54 x 1014 conidia/g of B. bassiana (Mycotech 726; Mycotech Corporation. Butte, MT). 
This rate of granules was selected because it was equivalent to applying 11 lbs of granules 
per acre. Granules were spread evenly over the surface of each flat. Flats were watered when 
the soil surface became dry to the touch by laying a garden hose in the center of each flat and 
letting the water slowly run and be absorbed without causing any splash. Com was grown in 
a greenhouse at 27 °C, 16:8 L:D photoperiod, until plants reached the V2 growth stage 
(Richie et al., 1997). 
Rain events were simulated in a rainfall tower at the USDA-ARS, National Soil Tilth 
Laboratory, Ames. IA. Once plants reached the two-leaf stage, they were transported to the 
rain tower that was calibrated to deliver 73 mm of rain per hour. The average volume of the 
raindrops produced was 0.148 cm3, with a drop surface area of 1.35 cm2. To get a consistent 
distribution of rain, flats were rained on individually at the same location on the rain 
platform. 
Before placement on the rain platform, two plants were randomly selected from each 
flat. Plants were cut just above the soil surface and placed into individual sterile bags 
(Nasco. 18 cm * 33 cm). Flats were then placed on the rain platform and exposed to the 
above-described intensity of rain for 10 minutes. Flats were rained on for 10 minutes to 
maximize exposure to rainfall and prevent pooling on the surface of the flats. When the rain 
event was complete, flats were removed from the platform and two plants were randomly 
selected by being cut just above the soil surface and placed into individual sterile bags. 
Fifty milliliters of sterile distilled water was added to each bag. Bags were closed and 
shaken vigorously for 60 seconds to dislodge all soil and conidia adhered to the surface of the 
corn plant. One-milliliter aliquot of the suspension was placed on each of two plates favoring 
the growth of B. basssiana (Doberski and Tribe. 1980) and placed in a microbial growth 
chamber at 27°C, 50% RH. Plates incubated for 10 days were counted for the number of 
colony forming units (CFU) per plate. The count of the two plates for each plant were 
averaged to give mean CFU per plant. The suspension remaining from the washing of each 
plant was placed into a preweighed aluminum pan. Each bag was carefully flushed with 
distilled water to remove all soil particles. Pans and water were then placed in a 38°C drying 
oven until dry. The pans were reweighed and the milligrams of soil quantified. 
Three replications of all treatments were planted and subjected to simulated rainfall 
on four different occasions (runs). A test of homogeneity of variance was performed to 
detect variation between runs and treatment*run interaction (Little and Hills, 1978). 
Variability was not significantly different, and the runs were combined to provide a total of 
12 replications. Data were analyzed as a split-plot design with rain as the whole-plot and 
level of crop residue as the split-plot using Analysis of Variance with the General Linear 
Models Procedure (GLM) (SAS Institute. Inc., 1995). Means were separated using Student's 
t test, with a reference probability of P < 0.05 (SAS Institute. Inc.. 1995). Regression 
analyses were performed on plants receiving rain to determine the relationships between the 
mg of soil and the number of CFU on the percentage crop residue (SAS Institute. Inc.. 1995). 
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Field Studies 
Field studies were conducted in spring 2000 to validate laboratory findings in a field 
setting. Treatments were arranged in a completely randomized design with four replications 
and two tillage systems, a conservation (one pass with a field cultivator in fall and spring, 
45% crop residue) and a no-till system (no tillage following the previous years crop, 96% 
crop residue). All replications consisted of individual 2.5 hectare plots that had been in a 
continuous corn rotation and the same tillage regime since the early 1970s. The mean 
amount of crop residue in each system was quantified by taking eight pictures of each tillage 
system and having the photos digitally analyzed as described previously. 
Hybrid com (Garst 8543) was planted on 1 May 2000 into half of each plot. The other 
half was planted with the same hybrid on 17 May 2000. A weather station (CR10; Campbell 
Scientific. Inc.. Logan UT) was placed adjacent to the plots to monitor the intensity and 
amount of each rain event. Plants were sampled on a weekly basis the first two weeks of the 
study and the day following post measurable (> 10 mm) rainfall thereafter. Ten plants were 
randomly sampled from each plot, placed into individual sterile bags, returned to the 
laboratory and processed as described previously. 
Samples of the first planting began 10 May 2000 when plants were at VI. No rain 
had fallen on plants since their emergence. The second sampling occurred on 15 May 2000 
when the plants were at V2 and also prior to any rainfall. Sample three was taken after a rain 
event when plants were between growth stages V2 and V3. Sample four was taken 25 May 
2000 when plants were V4 prior to the second rain event. Samples 5- 8 were taken 27 May; 
and 1.12. and 14 June 2000. all after rain events when plants were at V4 to V5. V5 to V6, V5 
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to V6, and V6, growth stages, respectively. The second planting was sampled beginning 25 
May 2000 when plants were at VI, and again no rain had fallen following emergence. The 
second sample occurred 27 May 2000 when plants were at VI. after a rain event. Samples 3-
6 occurred on I, 12, 14. and 21 June 2000 after rain events when plants were at growth stages 
V2. V3 to V4, V4, and V5 to V6, respectively. The amount of rain prior to each sample is 
presented in Figure 1. 
Because of low fungal transfer initially, B. bassiana granules were applied by hand to 
small areas (1.5 m % 4.5 m) within each plot at the same rate per surface area used in the 
laboratory. Augmentation of field plots took place prior to sample 8 of the first planting and 
prior to samples 5 and 6 of the second planting. 
Data were analyzed as a randomized complete block design using GLM. Means were 
separated using Student's t test, with a reference probability of P - 0.05 (SAS Institute. Inc.. 
1995). Regression analyses were performed to determine the relationship between the mg of 
soil splashed onto the surface of plants and the resulting number of CFU isolated from the 
surface of those plants (SAS Institute. Inc., 1995). These regression analyses were performed 
on plants sampled from areas augmented with B. bassiana granules after a rain event. 
Results 
Laboratory Studies 
Laboratory studies demonstrated the capacity of rainfall to transfer B. bassiana and 
soil particles to the plant surface. Plants receiving rain had a mean (± SEM) of 8.8 ± 2.8 
CFU per plant, whereas those that had not received rain had a mean of 0.03 ± 0.01 CFU per 
plant (F= 7.05; df = 1. 22: P = 0.01). There were no significant differences between crop 
residue levels in the mean number of CFU per plant after a rain event (F = 0.92; df = 3, 62; P 
= 0.44). There were distinct divisions in the number of CFU per plant between the two low 
levels of crop residue (6.7 ± 4.5,6.7 ± 3.3) and the two high levels of crop residue, (2.5 ± 1.4, 
2.1 ±1.9), respectively. Plants rained on in treatments with the lower amounts of crop 
residue had almost 2.5 times more CFU per plant than those with the higher residue levels. 
There were no significant interactions between rain and level of crop residue in the mean 
number of CFU per plant (F = 0.92; df = 3, 62; P = 0.44). A regression analysis performed 
using data from plants receiving rain showed a significant decrease in the number of CFU per 
plant as the amount of crop residue increased (y = -0.128x + 14.665, R2 = 0.80; Fig. 2). 
Rainfall also caused a significant increase in the amount of soil transferred to the 
plant surface. There were significant differences between plants receiving rain and those that 
did not in the amount of soil per plant (F = 6.86; df = 1, 22; P = 0.02). Plants receiving rain 
had a mean of 15.7 ± 1.7 mg soil per plant, whereas those that had not received rain had a 
mean of 3.4 ± 0.4 mg soil per plant. There were also significant differences in the mean 
amount of soil per plant between crop residue levels (F = 7.00; df = 3, 62; P = 0.0004). 
Plants in the 0.53% crop residue treatment had significantly more soil after a rain event than 
all other treatments (Fig. 3). There were no significant interactions between rain and crop 
residue level in the mean milligrams of soil per plant (F= 1.74; df = 3,62; P = 0.17). A 
regression analysis performed using data only from those plants receiving rain on the level of 
crop residue showed a significant decrease in the milligrams soil per plant as the amount of 
crop residue increased (y = -0.3137x + 30.303, R1 = 0.96; Fig. 4). 
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Field Studies 
The field study validated laboratory results. The mean number of CFU and 
milligrams of soil collected from each tillage system from the first planting are presented in 
Table I. Data of CFU per plant from samples 1 to 7 represent results from natural field 
inocula, whereas plants from sample 8 were taken from the area of the field augmented with 
B. bassiana. The mean number of CFU per plant increased substantially when the soil 
surface was augmented with B. bassiana. The mean number of CFU per plant was low in 
samples I to 7, and there were no significant differences in the mean number of CFU per 
plant between tillage types. There was a significant difference between tillage systems in 
sample 8, after the soil surface had been augmented with B. bassiana. The mean number of 
CFU per plant was significantly higher in the conservation-till plots (F = 61.11; df = 1, 77; P 
= 0.0001). Results of the number of CFU per plant were similar for plants from the second 
planting. The number of CFU per plant isolated from plants collected before plots were 
augmented with fungus (samples 1-4) were low (Table 2). However, after augmentation 
(samples 5 and 6) the number of CFU per plant was significantly higher in the conservation-
till than the no-till plots. A regression analysis of the mean number of CFU per plant on the 
milligrams of soil per plant from sample five and six of the second planting accounted for 
99% of the variance (y = 0.4203x + 6.4258; R- = 0.99). 
Soil transfer data from both plantings are similar. Plants collected from the 
conservation-tilled plots had significantly greater amounts of soil adhered to them than plants 
from no-till plots on both planting dates. As plant size increased, the amount of soil splashed 
onto the com surface also generally increased in both tillage systems. 
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Discussion 
In this research we investigated the relationship between rainfall and crop residue in 
the transfer of the entomopathogic fungus B. bassiana to the surface of whorl stage com (V1 -
V6). It has been recognized since the early 1900s that rainfall is critical in dispersal of fungal 
and plant pathogens (Paulwetter, 1917a; 1917b). In the absence of insects that can act as 
vectors of fungal spores, rain splash is critical to fungal spore transport (Gregory et al., 1959; 
Hunter and Kunimoto. 1974; Schub. 1983). Beauveria bassiana and soil transport to the 
surface of com decreased with increasing levels of crop residue. Increased levels of crop 
residue have also been found to decrease the spread of fungal plant pathogens (Madden, 
1997; Reynolds et al.. 1987). Transport distance is short, <15 cm in each rain event, 
indicating that spore deposition on a potential infection site results from several resplashing 
events across the soil surface (Madden, 1997). Characteristics of the soil residue 
dramatically influence conidial movement; increasing surface roughness reduces splash 
dispersal (Madden. 1997). 
The relationship between the mean milligrams of soil present on the plant surface 
after a rain event and the number of CFU isolated from the surface of those plants was 
established in the laboratory. A regression analysis accounted for 65% of the variability 
between the mean number of CFU per plant and the mean milligrams of soil per plant. 
Beauveria bassiana is a saprophyte on soil organic matter, during a rain event B. bassiana 
was likely transferred to the com surface along with soil particles. 
Field studies in the augmented system validated laboratory findings. In systems 
augmented with B. bassiana. the mean number of CFU and milligrams of soil per plant 
between the two tillage systems were significantly different. Fungal transport was greater in 
conservation-till than no-till plots. The mean amount of soil on the surface of plants after a 
rain event was also positively correlated with the mean number of CFU per plant. In the 
augmented system of the second planting, a regression analysis accounted for 99% of the 
variability between the mean number of CFU per plant and the mean milligrams soil per 
plant. Thus, rainfall facilitated B. bassiana transfer in the field and transport decreased with 
increasing levels of crop residue. 
Until now. the role of rainfall in the transport of soil-borne entomopathogenic fungi 
was unknown. These studies demonstrate that, when B. bassiana is present on the soil 
surface, dispersal by rainfall to the surface of com takes place. The level of crop residue also 
plays an important role in B. bassiana transfer. Naturally occurring B. bassiana inoculum is 
greater in no-till systems, where the mean number of CFU per g of soil is 44% greater (Bing 
and Lewis. 1993; Sosa-Gomez and Moscardi. 1994). However, in no-till systems with 
increased levels of inocula, the amount of fungal transfer to the plant surface would be 
limited because of the surface roughness reducing splash dispersal. The use of B. bassiana in 
integrated pest management (IPM) programs, as an over-the-row soil application at planting, 
may prove successful in conservation tillage systems. The amount of crop residue present in 
a conservation tillage system (Bull and Sandretto. 1996) would allow for fungal transfer 
along with continued soil conservation. In addition, the crop residue left on the soil surface 
in a conservation tillage system may also harbor insects infected with B. bassiana. As the 
crop residue decomposes, these infected insects would be exposed and could serve as an 
additional inoculum source. Beauveria bassiana dispersed to the surface of com would be 
available to infect surface feeding corn pests such as O. nubilalis, Helicoverpa zea 
(Lepidoptera: Noctuidae), and adult Diabrotica spp. (Coleoptera: Chrysomelidae). While in 
the soil environment. B. bassiana could infect soil dwelling insects such as Agrotis ipsilon 
(Lepidoptera: Noctuidae). Beauveria bassiana transferred to the surface of corn during a rain 
event would facilitate endophyte formation (Wagner and Lewis, 2000). These studies define 
the important role rainfall plays in transferring B. bassiana from the soil onto the surface of 
corn. 
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Figure Legends 
Figure 1. Daily rainfall totals (mm) from field validation study to determine the amount of B. 
bassiana and soil splashed onto whorl-stage com plants. 
Figure 2. Linear regression of laboratory results of the mean number of colony forming units 
per plant on the four levels of crop residue from plants receiving rainfall. 
Figure 3. Mean milligrams of soil collected from plants in the laboratory study after a rain 
event from the four levels of crop residue . 
Figure 4. Linear regression of laboratory results of mean amount of soil (mg) per plant on 
the four levels of crop residue from plants receiving rainfall. 
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TABLE 1. Mean (± SEM) number of colony forming units (CFU) and mg of soil collected 
per plant from corn sampled from the first planting of the field validation study. 
Sample No. of CFU" Soil in me" 
Date Conv. Till No-Till Conv. Till No-Till 
10 May 0.0 ± 0.0a 0.0 ± 0.0a 26.0 ± 19.5a 0.64 ± 0.3b 
15 May 0.01 ± 0.01a 0.01 ± 0.01a 5.3 ± 0.7a 1.0 ± 0.2b 
19 May 0.01 ± 0.5a 0.02 ± 0.01a 77.1 ± 7.2a 7.0 ± 2.6b 
25 May 0.0 ± 0.0a 0.03 ± 0.01a 19.8 ± 2.3a 5.7 ± 0.8b 
27 May 0.4 ± 0.1a 0.1 ± 0.05a 134.6 ± 12.5a 26.8 ± 8.6b 
1 June 3.3 ± 3.0a 0.8 ± 0.7a 243.6 ± 23.1a 25.7± 11.6b 
12 June 0.3 ± 0.1a 0.08 ± 0.04a 150.9 ± 10.3a 24.9 ± 4.2b 
14 June 143.1 ± 16.7a 8.8 ± 2.8b 322.5 ± 33.0a 46.5 ± 12.5b 
1 Means under the same column heading, from the same sample date, with different letters are 
significantly different (Student's t test, f <0.05). 
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TABLE 2. Mean (± SEM) number of colony forming units (CFU) and mg of soil collected 
per plant from corn sampled from the second planting of the field validation study. 
Sample No. of CFU1 Soil in me1 
Date Conv. Till No-Till Conv. Till No-Till 
25 May 0.06 = 0.03a 0.01 ± 0.01a 3.8 ± 2.5a 15.5 ± 8.4a 
27 May 0.0 ± 0.0a 0.0 ± 0.0a 22.8 ± 4.0a 2.6 ± 0.8b 
1 June 0.7 ± 0.6a 0.03 ± 0.02a 65.8 ± 9.7a 9.6 ± 5.1b 
12 June 1.3 ± 1.2a 0.0 ± 0.0a 191.0 ± 14.4a 12.9 ± 1.7b 
14 June 165.7 ± 21.4a 14.2 ± 7.6b 407.0 ± 35.6a 33.0 ± 4.5b 
21 June 15.5 ± 6.6a 1.1 ± 0.5b 73.4 = 6.4a 15.1 ± 1.7b 
a Means under the same column heading, from the same sample date, with different letters are 
significantly different (Student's t test, f <0.05). 
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WHORL AND POLLEN-SHED STAGE APPLICATION OF BEAUVERIA 
BASSIANA FOR SUPPRESSION OF ADULT WESTERN CORN ROOTWORM 
A paper submitted to Environmental Entomology 
Denny J. Brack and Leslie C. Lewis 
ABSTRACT The corn rootworm complex is the most damaging insect pést of com (Zea 
mays L.). This study was conducted to determine the efficacy of whorl and pollen-shed stage 
applications of a granular formulation of Beauveria bassiana (Balsamo) Vuillemin 
(Hyphomycetes: Moniliaceae) for control of adult western com rootworm (Diabrotica 
virgifera virgifera Le Conte(Coleoptera: Chrysomelidae)). The effects of application time 
(whorl-stage, pollen-shed) and plant surface exposed [(leaves and leaf collars)( silks)( leaves, 
leaf collars and silks)] on levels of beetle infection were investigated. In addition, the 
amount of B. bassiana present in leaf collars was quantified. In the 3 yrs (1998-2000) of the 
study, application of B. bassiana during whorl-stage did not significantly increase the level of 
beetle infection. Beauveria bassiana applied at pollen-shed in 1998 resulted in 43% beetle 
infection in treated plants, whereas only 6.0% of the beetles on control plants were infected. 
Similar applications at pollen-shed in 1999 and 2000 did not result in increased levels of 
infection. The level of beetle infection did not differ consistently between plant surfaces to 
which beetles were exposed in whorl or pollen-shed stage applications. Fungal application at 
whorl or pollen-shed stage significantly increased the number of colony forming units per 
leaf collar. Increased fungal load in leaf collars did not translate into increased levels of adult 
infection. 
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Introduction 
The western (Diabrotica virgifera virgifera) and northern com rootworm (Diabrotica 
barberi) are the most damaging insect pests of corn, in the major corn-producing states of the 
north central United States and Canada (Levine and Oloumi-Sadeghi 1991). Costs for 
insecticide treatment to control larval and adult damage, in addition to lost yields, approach 
$1 billion annually (Metcalf 1986). Larval feeding on corn roots results in reduced water and 
nutrient uptake and extensive feeding makes plants more susceptible to lodging (Kahler et al. 
1985). Control of corn rootworm is primarily focused on controlling larvae via the 
application of a soil insecticide. Larval sampling is difficult and time-consuming and a 
prophylactic treatment with a soil insecticide historically has been done on acreages of com 
planted after com with no knowledge of com rootworm populations. To limit needless soil 
insecticide applications. Turpin (1974) proposed using adult counts to estimate subsequent 
larval populations. Fields with populations of <1 beetle per plant were projected not to have 
economically damaging larval populations, whereas fields with >1 beetle per plant would 
require a soil insecticide treatment the following spring. To increase its precision, this 
approximation was further refined by lowering the treatment threshold to 0.75 or 0.90 beetle 
per plant (Stamm et al. 1985). 
Because com rootworm cannot survive on the roots of alfalfa (Medicago sativa), 
soybean (Glycine max), or wheat (Triticum aestivum), crop rotation has long been an 
effective management tool. However, the development of extended diapause and egg laying 
in soybean, have made crop rotation less effective in some areas (Levine and Oloumi-Sadeghi 
1991). The biological agents Beauveria bassiana (Balsamo) Vuillemin and Metarhizium 
anisopliae (Metsch.) Sorok have been evaluated for control of corn rootworm. Soil 
applications of the two fungi generally lowered root ratings compared with the infested 
control plots; however, problems in isolate selection, ease of production, formulation, 
acceptable shelf life, and stability in the environment after application currently limit the use 
of fungi on a large scale (Krueger and Roberts 1997). 
Three events can occur on the surface of the insect cuticle as B. bassiana conidia 
germinate: 1) immediate penetration, 2) random growth of hyphae without penetration, and 
3) a limited amount of hyphal growth followed by eventual penetration (Perkul and Grula 
1979). Strains exhibiting extensive hyphal growth before penetration typically have low 
virulence, whereas strains with rapid penetration of the insect cuticle are highly virulent 
(Perkul and Grula 1979). Once the hyphae enter the hemoceol of the insect, the mycelia 
multiply extensively. Hyphal growth continues in the host along with the production of the 
toxic substance beauvericin by some isolates (Dresner 1950. Suzuki et al. 1977). The gut 
wall is the site of initial hyphal infection via the integument (Perkul and Grula 1979). An 
extensive hyphal phase then develops involving nearly all of the host tissues, eventually 
leading to exit from the hemoceol and production of conidia on the surface of the host (Burge 
1988). Conidia on the host surface are then free to be carried by wind or rain. 
The objectives of this study were to determine whether B. bassiana application to 
whorl or pollen-shed stage com led to adult western com rootworm infection, increased the 
incidence of fungal growth in plant leaf collars, and to determine where on the plant surface 
beetles were becoming infected. 
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Materials and Methods 
Insects. Adult western corn rootworms were obtained from a laboratory colony 
maintained by the Northern Grains Insect Research Laboratory (USDA-ARS, Brookings, 
SD). Insects were reared using standard procedures described by Jackson (1986), shipped 
overnight, and caged immediately upon arrival. Beetles were of mixed age and sex. 
Laboratory reared beetles were used to avoid possible fungal contamination that may be 
present on field collected insects. 
Pathogen. The B. bassiana-treated granules used in 1998 field studies were 
formulated with CRW5, an isolate virulent towards adult D. virgifera virgifera (Mycotech 
Corporation Butte, MT). In 1999 and 2000, granules were formulated with PC-6715 
(Mycotech Corporation), because 1) the availability of CRW5 was limited, and 2) PC-6715 
was found to be more virulent. The concentration of B. bassiana conidia on all formulated 
granules was 2.1 * 10* conidia/g. The granules were com kernels ground to a 20-30 mesh. 
Field Studies 1998 
Whorl-Stage Application. The whorl-stage application of B. bassiana was 
performed as a split-plot design, consisting of six replications. Whole-plots were defined by 
whether or not B. bassiana was applied to the com plants, and the split-plot the plant surface 
beetles were allowed to contact. No-See-Um Netting® (Balson Hercules Group, Providence, 
RI) was used to confine beetles on com plants. Beetles are commonly observed on the 
surface of com leaves, in the leaf collar area, and feeding on com silks; therefore, we 
developed a method of confining beetles that allowed them to come into contact with these 
plant surfaces. The split-plots (referred to as sleeves) were the plant surfaces to which the 
beetles were exposed: 1) plants with the primary and secondary ear removed; beetles 
exposed only to leaves and leaf collars; 2) plants with the ears intact to expose beetles to 
leaves, leaf collars, and ear silks, and 3) primary ear to expose beetles only to ear silks. 
Beetles in treatments 1 and 2 were confined in 67 x 92-cm sleeves with an 84-cm-long, 5-
cm-wide Velcro™ strips sewn to the long sides of the sleeve. Leaves of plants sleeved in 
treatments 1 and 2 were trimmed with scissors to approximately 15 cm to allow the sleeve to 
encompass the plant. Sleeves were formed by placing the fabric around the plant and 
attaching the sides with the Velcro™. The top and bottom of the sleeves were secured with 
plastic zip-strips to prevent beetle escape. Beetles in treatment 3 were placed in 20 * 41-cm 
bags of netting placed over the tip of the primary ear. The bottom of the bag was closed 
around the center of the ear using plastic zip-strips. 
Plants were treated on 22 June when they reached V7 (Richie et al. 1997) with 0.4 g 
of B. bassiana granules per plant (2.1 % 10* conidia/g) using hand inoculators (Davis and 
Oswalt 1979). Beetles were confined on plants on two dates. 21 July and 11 August to 
correspond with early (date 1) and peak (date 2) beetle emergence, respectively. At this time 
plants were in R1 and R3 growth stages, respectively. Naturally occurring Diabrotica 
species were removed from plants prior to caging. Two plants per treatment were selected 
and 15 beetles were placed inside sleeves from treatments 1 and 2, and five beetles inside 
sleeves from treatment 3. Beetles were confined in the field for 7 d, at which time the plant 
was returned to the laboratory. In the laboratory, plants were placed in a 5'C room to slow 
beetle movement. While at 5'C the zip-strips were cut with scissors and the sleeves opened. 
Beetles were carefully collected from the surface of the corn plant and placed on laboratory 
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diet (Jackson 1986). The health of the beetle was recorded at time of recovery (alive, dead, 
mycotic). Sterile laboratory technique was used during the beetle collection. 
Recovered beetles were maintained at 24"C, 45% RH. a photoperiod of 12:12 (L:D) 
for 7 d and observed daily for death and mycosis. After the 7 d observation period, all 
beetles were held at -20°C until they could be further processed. To remove surface conidia 
contamination, both pair of wings were removed with dissecting scissors and beetles 
submerged in a 3 % Clorox (NaOCl) solution for 1 min and then rinsed three times in 10 ml 
of sterilized distilled water for 1 min before being placed on selective agar plates (Shortt et 
al. 1982). All beetles were placed on agar plates favoring the growth of B. bassiana 
(Doberski and Tribe 1980). Plates were incubated for 10 d in total darkness at 28°C, after 
which they were examined for B. bassiana growth. 
In addition, three leaf collars from each sleeved plant were swabbed to quantify B. 
bassiana fungal load. The leaf collars swabbed were from the collar containing the primary 
ear as well as the collar above and below the primary ear. Sterile swabs (15.25 cm in length) 
model PDC-200; (Precision Dynamics Corporation, San Fernando. CA) were used to 
thoroughly swab the inner surface of the leaf collar to a distance of 4 cm below the top of the 
collar along with the corresponding stalk surface. Swabbing was performed immediately 
after beetle collection with a separate swab used for each collar. Swab tips were cut off and 
placed into a 10-ml culture tube containing 5 ml of a sterile 0.1 % Tween 80 solution. The 
culture tube containing the swab tip was agitated using a Vortex Genie for 1 min and 250 [A 
of the suspension streaked onto each of two agar plates favoring the growth of B. bassiana 
(Doberski and Tribe 1980). A 10-fold dilution of each original swab suspension was also 
made on two agar plates. The plates were allowed to incubate for 10 d in total darkness at 
28°C, after which they were examined for the number of colony forming units (CPU) per 
plate. Because of the large number of CPU present on some plates, the number of CPU was 
estimated on all plates by counting colonies in five random 1.5%1.5-cm areas. The total 
number of CPU present was determined by totaling the number of CPU in these five random 
locations. Because it was possible for plates to have fungal growth but no colonies present in 
the areas counted, plates were also scored as positive or negative for B. bassiana. 
Pollen-Shed Application. Experiments were also conducted to evaluate the 
effectiveness of a pollen-shed application of B. bassiana. The experiment was conducted as 
a randomized complete block design with four replications. Treatments consisted of plants 
treated with 0.4 g of CRW5 granules (2.1 % 108 conidia/g) directly behind the primary ear 
and an untreated control. Two plants per treatment were sleeved with large (67 % 92-cm) 
mesh sleeves. Beauveria bassiana was applied 21 July during peak pollen-shed, and beetles 
confined on 12 August for 7 d. Beetles and swabs were collected and processed in the same 
manner as described previously. 
Field Studies 1999 and 2000 
Whorl-Stage Application. Studies were conducted in 1999 and 2000 with the same 
techniques used in 1998 whorl-stage studies with the following modifications. Studies were 
performed at the Johnson (3.2 km south of Ames, IA) and Kulver farms (8 km northwest of 
Ames) in 1999 and the Johnson and Agronomy farms (9.7 km west of Ames) in 2000, with 
three replications at each location. The use of different sites ensured that observed treatment 
differences were not unique to one location. The isolate PC-6715 was substituted for CRW5. 
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In 1999, B. bassiana was applied at V7 on 24 June and beetles caged 20 July (date 1) and 11 
August (date 2), growth stages R1 and R3, respectively. In 2000. B. bassiana was applied at 
V7 on 15 June and beetles caged 19 July (date 1) and 8 August (date 2), growth stages R1 
and R3, respectively. 
Pollen-Shed Application. Studies were conducted in 1999 and 2000 with the same 
techniques used in 1998 pollen-shed studies with the following modifications. Studies were 
performed at the Johnson and Kulver farms in 1999 and the Johnson and Agronomy farms in 
2000 with three replications at each location. The isolate PC-6715 was substituted for 
CRW5. In addition to plants treated at pollen-shed and an untreated control, a treatment of 
0.4 g of granules was applied immediately before beetles were confined. In 1999, all 
granules in B. bassiana-treated plots were placed directly behind the primary ear as in 1998. 
In 2000, granules were applied by holding the inoculator 30 to 45 cm above the primary ear, 
and granules allowed to fall onto the plant and ear surface. This alteration was made to 
simulate an over-the-row or aerial application of granules. In 1999, B. bassiana was applied 
at pollen-shed on 20 July and beetles caged 3 August, R3 growth stage. In 2000, B. bassiana 
was applied at pollen-shed on 17 July and beetles caged 25 July, R3 growth stage. 
Statistical Analysis. The percentage of mycotic beetles obtained after plating on 
agar plates were used in statistical analysis. Data were analyzed with ANOVA using the 
General Linear Model Procedure and Student's t test used to separate means (SAS Institute 
1995). An arcsine transformation of the percentage beetle mortality and log transformations 
of the total number of CPU per leaf collar and incidence of B. bassiana in collars were used 
to normalize treatment variances. Correlation analyses were performed to determine the 
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relationship between the percentage beetle infection and the number of CPU in the leaf 
collars on a plant (SAS Institute 1995). 
Results 
1998 Whorl-Stage Application. There were no significant differences in beetle 
infection on caging date I between B. bassiana treatment (Table 1). There were, however, 
significant differences in the percentage beetles infected with B. bassiana between sleeves (F 
= 4.60: df = 2,20\P z 0.02). Beetles exposed to silks only were not infected with B. 
bassiana, whereas those exposed to leaf collars (1.7%), and leaves, leaf collars, and silks 
(3.3%) were infected. There were no significant B. bassiana application by sleeve 
interactions. Percentage beetles infected on whorl-stage treated plants sleeved on caging date 
2 were not significantly different between B. bassiana treatment (Table 1). Unlike results 
from caging date 1. there were no significant differences in the percentage beetles infected 
between sleeves. Again, beetles exposed to ear tips (3.6%) had the lowest percent infection 
compared to beetles exposed to leaf collars (6.0%), and leaves, leaf collars, and silks (10.8%) 
There were no significant B. bassiana treatment by sleeve interactions. 
Analysis of the total CPU per plant from caging dates 1 and 2 of the whorl-stage 
application of B. bassiana resulted in no significant differences between B. bassiana 
treatment, leaf collar swabbed, or B. bassiana treatment by leaf collar interactions (Table 1). 
Fungal growth on caging dates 1 and 2 analyzed for the presence or absence of B. bassiana 
also had no significant differences between B. bassiana treatment, leaf collar swabbed, or B. 
bassiana treatment by leaf collar interactions. There were no significant correlations between 
fungal load in a plants leaf collars and percentage beetles infected on either caging date. 
47 
1998 Pollen-Shed Application. Plots treated with B. bassiana at pollen-shed had 
significant differences in the percentage beetles infected (F = 13.39: df = 1,12; P > 0.003; 
Table 2). Forty three percent of the beetles confined on treated plants were infected, whereas 
only 6.0% of beetles confined on untreated plants were infected. Swabbing of leaf collars 
resulted in significant differences in the total number of CPU isolated between B. bassiana 
treatment (F= 11.15; df = 1,6; P > 0.015; Table 2), leaf collar swabbed (F = 8.24; df =2,12; 
P > 0.006), and a B. bassiana treatment by leaf collar interaction (F = 8.24; df = 2,12; P 2 
0.006). Presence of B. bassiana in leaf collars were also significantly different between B. 
bassiana treatment (F = 25.00; df = 1.6; P a 0.003), leaf collar swabbed (F = 13.00; df = 
2.12; P : 0.001). and a B. bassiana treatment by leaf collar interaction {F = 13.00; df =2.12; 
P - 0.001 ). Treated plants had a significantly higher incidence of B. bassiana in their leaf 
collars than untreated plants. There were no significant correlations between fungal load in 
the leaf collars on a plant and percentage beetles infected. 
1999 Whorl-Stage Application. Beetles confined to plants on either caging date 
treated during whorl-stage at the Johnson farm in 1999 had no significant differences in 
percentage beetles infected between B. bassiana treatment, sleeves, or a B. bassiana by 
sleeve interaction. Caging date 1 studies at the Kulver farm did result in significant 
differences in percentage beetles infected between B. bassiana treatment (F= 10.77; df = 1,4; 
P z 0.03; Table 1) but not between sleeves or a B. bassiana treatment by sleeve interaction. 
There were no significant differences in percentage beetles infected between B. bassiana 
treatment, sleeves, or a B. bassiana by sleeve interactions on caging date 2 at the Kulver 
farm. 
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There were significant differences on caging date 1 at the Johnson farm in the total 
number of CPU per plant between B. bassiana treatment (F = 17.7; df = 1,4; P > 0.01; Table 
1). leaf collar swabbed (F = 10.08; df = 2,8: P k 0.007), and a B. bassiana treatment by leaf 
collar interaction (F = 8.25; df = 2,8; P > 0.01). A significantly higher number of CPU were 
isolated from the collar above the primary ear (104), than from the collar with the primary ear 
(14) or the collar below (3) the primary ear. Swabbing of leaf collars on caging date 1 at the 
Johnson farm resulted in significantly higher incidence of B. bassiana on treated plants (F = 
69.35; df = 1,4: P 2 0.001). but not between leaf collar swabbed or a B. bassiana treatment 
by leaf collar interaction. There were no significant differences at the Johnson farm on 
caging date 2 in the total CPU per leaf collar between B. bassiana treatment, leaf collar 
swabbed, or a B. bassiana treatment by leaf collar interaction. Incidence of B. bassiana was 
significantly higher in plants treated at whorl-stage on caging date 2 at the Johnson farm (F = 
39.20: df = 1,4: P 2 0.02). but not between leaf collar swabbed or a B. bassiana treatment by 
leaf collar interaction. 
Swabs of plants from caging date 1 at the Kulver farm showed significant differences 
in the total number of CPU per leaf collar (F = 16.75; df = 1,4; P 2 0.01; Table 1) as well as 
significantly higher incidence of B. bassiana in the leaf collars of treated plants (F= 21.99; 
df = 1.4; P 2 0.009). On caging date 2 at the Kulver farm, there were no significant 
differences in the total number of CPU per collar (Table 1), between leaf collar swabbed or a 
B. bassiana treatment by leaf collar interaction. Data analysis based on fungal presence in 
the leaf collars on caging date 2 at the Kulver farm did result in significantly higher B. 
bassiana incidence in treated plots (F= 28.26; df = 1.4; P > 0.006) and a B. bassiana 
treatment by collar interaction (F = 5.54; df = 2,8: P > 0.03) but no significant difference in 
fungal incidence between leaf collars. There were no significant correlations between fungal 
load in leaf collars on a plant and percentage beetles infected at either farm or on either 
caging date. 
1999 Pollen-Shed Application. Application of B. bassiana to plants at pollen-shed 
at the Johnson and Kulver farms did not significantly increase the percentage of beetles 
infected (Table 2). There were, however, significant differences at both farms in the total 
number of CPU isolated per leaf collar. At the Johnson farm there were significant 
d i f f e r e n c e s  b e t w e e n  B .  b a s s i a n a  t r e a t m e n t  i n  t h e  t o t a l  n u m b e r  o f  C P U  ( F =  1 0 . 7 2 ;  d f  =  2 , 6 :  P  
2 0.01: Table 2), leaf collar swabbed (F = 18.8: df = 2.12: P 2 0.0002), and a B. bassiana 
treatment by leaf collar interaction (F = 3.91; df = 4.12: P 2 0.03). There were significantly 
higher mean number of CPU isolated from the collar with the primary ear (34.8) than from 
the collar above (9.9) or below (6.9) the primary ear. At the Kulver farm there were also 
significant differences between B. bassiana treatment in the total number of CPU isolated per 
c o l l a r  ( F  =  8 . 9 6 ;  d f  =  2 . 6 ;  P  2  0 . 0 1 ;  T a b l e  2 ) .  l e a f  c o l l a r  s w a b b e d  ( F =  1 2 . 2 4 ;  d f  =  2 , 1 2 ;  P  2  
0.001 ). but no B. bassiana treatment by leaf collar interaction. The leaf collar containing the 
primary ear again had significantly more CPU than the collar above or below the primary ear. 
There were significant differences in B. bassiana incidence in leaf collars at the Johnson farm 
between B. bassiana treatment (F = 30.13: df = 2.6: P 2 0.0007). leaf collar swabbed (F = 
20.35: df = 2.12: P 2 0.0001). but no B. bassiana treatment by leaf collar interaction. At the 
Kulver farm there were also significant differences between B. bassiana treatment in the 
incidence of B. bassiana (F = 12.03: df = 2.6: P 2 0.008). leaf collar swabbed (F = 10.98: df 
= 2.12; P >0.002), but no B. bassiana treatment by leaf collar interaction. At both farms 
there were significantly more CPU in the leaf collars of treated plants, and a greater incidence 
of fungal growth in the collar with the primary ear than from either the collar above or below 
the primary ear. There were no significant correlations between fungal load in leaf collars on 
a plant and the percentage of beetles infected at either farm. 
2000 Whorl-Stage Application. There were no significant differences in the 
percentage of beetles infected between B. bassiana treatment, sleeves, or B. bassiana 
treatment by sleeve interactions at either location or on either caging date. 
At the Johnson farm on caging date 1 there were significant differences in the total 
number of CPU per collar between B. bassiana treatment (F = 7.89; df = 1,4; P > 0.04; Table 
1 ). but not between leaf collar swabbed or a B. bassiana treatment by leaf collar interaction. 
Analysis of the incidence of B. bassiana in leaf collars resulted in a significant difference 
b e t w e e n  B .  b a s s i a n a  t r e a t m e n t  a t  t h e  J o h n s o n  f a r m  o n  c a g i n g  d a t e  1  ( F =  1 1 . 1 7 ;  d f  =  1 . 4 ;  P  >  
0.03), but not between leaf collar swabbed or a B. bassiana treatment by leaf collar 
interaction. At the Johnson farm on caging date 2 there were no significant differences in the 
total number of CPU per collar between B. bassiana treatment, leaf collar swabbed, or B. 
bassiana treatment by leaf collar interaction. Analysis from caging date 2 data at the Johnson 
farm for the incidence of B. bassiana in leaf collars resulted in no significant differences 
between B. bassiana treatment or leaf collar swabbed, but there was significant a B. bassiana 
treatment by leaf collar interaction (F = 8.59; df = 2.8; P > 0.01). 
At the Agronomy farm on caging date 1 . there were no significant differences 
between B. bassiana treatment in the total number of CPU (Table 1). but there were 
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significant differences between the leaf collar swabbed (F = 6.16: df = 2,8: P 2 0.02) and a B. 
bassiana treatment by leaf collar interaction (F = 6.40: df = 2.8: P 2 0.02). The collar above 
the primary ear (38.2) had a significantly higher mean number of CPU than the collar with 
the primary ear (0.5) or the collar below the primary ear (3.3). There were no significant 
differences in fungal incidence between B. bassiana treatment, or leaf collar swabbed, but 
there was a significant B. bassiana treatment by leaf collar interaction (F - 4.73; df = 2,8: P 
2 0.04). At the Agronomy farm on caging date 2, there were significant differences between 
B. bassiana treatment in the total number of CPU per collar (F = 112; df = 1,4; P > 0.0005: 
Table 1 ), but not between leaf collar swabbed or a B. bassiana treatment by collar interaction. 
There were significant differences in fungal incidence in leaf collars between B. bassiana 
treatment (F = 42.32: df = 1,4; P 2 0.003), but not between leaf collar swabbed or a B. 
bassiana treatment by leaf collar interaction. A higher number of the leaf collars from plants 
treated with B. bassiana had fungal growth than untreated plants. There were no significant 
correlations between fungal load in leaf collars on a plant and the percentage of beetles 
infected at either farm or on either caging date. 
2000 Pollen-Shed Application. Treatment of plants at pollen-shed at neither 
location resulted in beetle infection. However, swabbing of leaf collars revealed that B. 
bassiana was present in leaf collars of all of plants treated with B. bassiana and no leaf 
collars from untreated plants. At the Agronomy farm, there were significant differences 
between B. bassiana treatment in the total number of CPU per collar {F = 4.68; df = 2.51; P 
2 0.01 ; Table 2) and the incidence of B. bassiana (F = 4.68: df= 2.51: P 2 0.01). Results 
from the Johnson farm were similar with significant differences between B. bassiana 
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treatment in the total number of CPU per collar (F= 4.89; df = 2,51; P > 0.01; Table 2) and 
the incidence of B. bcissciina {F = 7.71; df = 2,51; P a 0.001). There were no significant 
correlations between leaf collar conidial load and percentage of beetle infection on plants. 
Discussion 
Adult western corn rootworm beetles confined on corn plants treated with B. bassiana 
during whorl-stage did not result in levels of infection consistently higher than untreated 
controls. The percentage beetle infection was generally higher on plants treated with B. 
bassiana. but only significantly so from beetles confined during early beetle emergence at the 
Kulver farm in 1999. Exposure to different plant surfaces did not lead to significant 
differences in beetle infection over the course of the growing season. Beetles contracted a B. 
bassiana infection from all of the plant surfaces tested. 
Beauveria bassiana applied to corn at pollen-shed in 1998 resulted in significantly 
greater beetle infection on treated plants (43%) than untreated control plants (6.0%). Pollen-
shed applications were made in an attempt to increase beetle infection by decreasing the time 
between fungal application and confining beetles. In studies using liquid formulations of B. 
bassiana, the rate of beetle infection was significantly increased when beetles were present at 
the time of fungal application (Mulock and Chandler 2000). In laboratory bioassays. the 
level of infection contracted by beetles exposed to leaf surfaces treated with B. bassiana 
decreased significantly over time. The percentage of infection was reduced from 17% at 0 h 
to 2% at 72 h post application (Mulock and Chandler 2000). In the study reported herein, B. 
bassiana applied at pollen-shed or immediately prior to beetle caging in 1999 did not result 
in a significant increase in beetle infection. The reason for this is unclear. Perhaps when 
granules were applied to the leaf collar directly behind the primary ear. the beetles were not 
as likely to contact conidia as they would be if granules were applied to all leaf collars. To 
test this hypothesis, the method in which granules were applied was changed in 2000 to more 
closely simulate an aerial or over-the-row application which more evenly places granules in 
leaf collars. However, inoculating a greater proportion of the plant surface did not increase 
beetle infection. In fact, no beetles confined on plants treated at pollen-shed in 2000 became 
infected. The viability of the granule preparation was tested and the fungus was viable. The 
cause of this lack of beetle infection is unknown. The cause of this lack of beetle infection is 
unknown. The amount of rainfall from April to August in 1998 and 1999 was 111.5 and 74 
millimeters above the 30 year average, respectively and 145 millimeters below the 30 year 
average over these same months in 2000 (National Oceanic and Atmospheric 
Administration). Although there was variation in rainfall between years of the study, the 
numbers of CPU in the leaf collars of plants treated at pollen shed were still significantly 
higher than those of the untreated control. 
Beauveria bassiana treatment at whorl-stage or pollen-shed significantly increased 
the number of B. bassiana CPU in the plant leaf collars. Plants treated at whorl-stage did not 
have a leaf collar with consistently higher CPU numbers than the others. Application of B. 
bassiana at pollen-shed directly behind the primary ear in 1998 and 1999 resulted in 
significantly higher CPU numbers in the collar with the primary ear. Leaf collars from 2000 
pollen-shed studies had more even distribution of B. bassiana. Whorl-stage treated plants 
had a general reduction in the number of CPU per collar over the growing season (Table 1). 
Similar reductions in the number of viable spores on corn were observed by Mulock and 
Chandler (2000) as well as on other crops such as cabbage (Brassica oleracea capitata) and 
cowpea ( Vigna sinensis) (Daoust and Pereira 1986; Vandenberg et al. 1998) and alfalfa 
{Medicago saliva) (Inglis et al. 1993). In our studies, B. bassiana persisted in the leaf collar. 
Inglis et al. (1993) also found greater fungal survival in the protected environment of the 
alfalfa canopy. Fungal growth is enhanced in dark, warm, damp environments such as leaf 
collars and the lower parts of the crop canopy. 
Our results (1998 pollen-shed application), along with those of Mulock and Chandler 
(2000). show levels of adult com rootworm infection generally increase with decreasing time 
between fungal application and beetle presence. Plants with high fungal loads in leaf collars 
did not result in increased levels of beetle infection. It appears that beetles did not come into 
contact with the inner surface of the leaf collar where swabs were taken. The leaf collars 
were tightly adhered to the stalk and had to be pulled backed in order for swabs to be taken. 
Levels of B. bassiana were not quantified from other plant surfaces. To make the use of B. 
bassiana leasable for control of adult western com rootworm. improvements in fungal 
viability and residual activity are needed. Fungal application when beetles are present is also 
likely to improve levels of control. 
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Table 1. Mean percentage of beetles infected and the total number of CFU per leaf collar (± 
SEM) from whorl-stage applications. 
% Beetle Infection Total Number of CFU 
B. bassiana Whorl-stage" Whorl-stage3 
Application Date 1 Date 2 Date 1 Date 2 
Johnson 1998 
Treated 2.3 ± 0.9a 4.0 ± 1.2a 0.1 ± 0.04a 16.7 ± 9.5a 
Control 1.0 ± 0.5a 9.6 ± 3.5a 0.0 ± 0.0a 6.8 ± 6.7a 
Johnson 1999 
Treated 1.0 ±0.7 0.0 ± 0.0a 84.0 ± 32.3a 16.3 ± 8.9a 
Control 0.4 ± 0.4a 6.5 ± 5.2a 0.9 ± 0.3b 0.03 ± 0.02a 
Kulver 1999 
Treated 1.6 ± 0.9a 0.0 ± 0.0a 65.5 ± 17.4a 25.9 ± 5.6a 
Control 0.0 ± 0.0b 1.2 ± 1.2a 0.03 ± 0.02b 0.05 ± 0.05a 
Johnson 2000 
Treated 0.5 ± 0.5a 2.0 ± 0.9a 46.1 ± 26.2a 48.5 ±27.3a 
Control 0.0 ± 0.0a 0.0 ± 0.0a 0.1 ± 0.1b 0.0 ± 0.0a 
Agronomy 2000 
Treated 1.1 ± 1.4a 1.4 ± 1.4a 27.9 ± 13.6a 19.8 ± 8.5a 
Control 1.8 ± 1.1a 11.3 ± 4.5a 0.02 ± 0.02a 1.9 ± 1.6b 
'Values are whole plot means summed over split-plot treatments. Means in the same column, 
year, and farm with different letters are significantly different (Student's t test: f <0.05). 
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Table 2. Mean percentage of beetles infected and the total number of CFU per leaf collar (± 
SEM) from pollen-shed applications. 
B. bassiana % Beetle Infection Total Number of CFU 
Application Pollen-shed' Pollen-shed" 
Johnson 1998 
At pollen-shed 43.3 ± 9.2a 64.9 ± 50.5a 
Control 6.0 ± 3.9b 0.0 ± 0.0b 
Johnson 1999 
At pollen-shed 2.2 ± 0.02a 36.7 ± 8.5a 
When beetles applied 0.0 ± 0.0a 14.6 ± 5.7b 
Control 0.0 ± 0.0a 0.4 ± 0.3b 
Kulver 1999 
At pollen-shed 2.2 ± 0.0a 20.7 ± 8.2ac 
When beetles applied 0.0 ± 0.0a 26.2 ± 7.4a 
Control 0.0 ± 0.0a 3.4 ± 2.4b 
Johnson 2000 
At pollen-shed 0.0 ± 0.0a 5.4 ± 2.8ab 
When beetles applied 0.0 ± 0.0a 32.8 ± 19.7a 
Control 0.0 = 0.0a 0.0 ± 0.0b 
Agronomy 2000 
At pollen-shed 0.0 ± 0.0a 57.5 ± 36.7a 
When beetles applied 0.0 ± 0.0a 95.9 ± 44.3a 
Control 0.0 = 0.0a 0.0 ± 0.0b 
"Values are whole plot means summed over split-plot treatments. Means in the same column, 
year, and farm with different letters are significantly different (Student's I test; Pz0.05). 
60 
ADULT DIABROTICA SPP. (COLEOPTERA: CHRYSOMELIDAE) INFECTION AT 
EMERGENCE WITH INDIGENOUS BEAUVERIA BASSIANA 
(DEUTEROMYCOTINA: HYPHOMYCETES) 
A paper submitted to Journal of Invertebrate Pathology 
Denny J. Brack and Leslie C. Lewis 
Introduction 
The western (Diabrotica virgifera virgifera) and northern com rootworm (Diabrotica 
barberi) are the most damaging insect pests of com (Zea mays), in the major corn-producing 
states of the north central United States and Canada (Levine and Oloumi-Sadeghi. 1991). 
Control of com rootworm is primarily focused on killing larvae with an application of a soil 
insecticide. Because com rootworm cannot survive on the roots of alfalfa (Medicago sativa), 
soybean (Glycine max), or wheat (Triticum aestivum), crop rotation has long been an 
effective management tool. However, the development of extended diapause and egg laying 
in soybean have made crop rotation less effective in some areas. Biological agents such as 
soil applications of Beauveria bassiana and Metarhizium anisopliae generally protected com 
roots compared with untreated controls; however, problems in isolate selection, ease of 
production, formulation, acceptable shelf life, and stability in the environment following 
application currently limit the use of fungi on a large scale (Krueger and Roberts, 1997). 
Beauveria bassiana is well adapted for survival in the soil, either as conidia or 
saprophytic mycelia (Gottwold and Tedders. 1984). The fungus survives as a saprophyte 
during periods of adverse environmental conditions or periods of low host densities. When 
host insects become available, the infection cycle takes place. Infection of a host has three 
steps: adhesion, germination, and penetration. Adhesion to the host cuticle takes place 
because the conidia are extremely hydrophobic and are capable of binding to the insect 
cuticle (Boucias et ai, 1988). The outer layer of the conidia is composed of unique 
interwoven rodlets that not only give the conidia their hydrophobicity, but also serve to 
protect the conidia from biotic and abiotic damage (Hegedus et al., 1992). The objective of 
this study was to assess the level of adult Diabrotica spp. infection at emergence with 
indigenous B. bassiana. 
Materials and Methods 
The percentage of adult Diabrotica spp. infected with B. bassiana at emergence from 
untreated continuous cornfields was quantified using emergence cages (Hein et al., 1985) 
modified for live beetle capture. Cages were placed in continuous cornfields of different 
tillage regimes in central Iowa in 1999 and 2000 (Table 1). Trap captures were removed on a 
daily-to-bidaily basis. Recovered beetles were maintained in the laboratory at 24"C, 45% 
RH. and a photoperiod of 12:12 (L:D) for 7 d and observed daily for death and mycosis. 
After the 7 d observation period, all beetles were frozen at -2O C and held until they could be 
further processed. To remove any exterior conidia contamination, both pair of wings were 
removed with dissecting scissors and the beetle submerged in a 3 % Clorox (NaOCl) solution 
for 1 min and then rinsed three times for 1 min in 10 ml of sterilized distilled water (Shortt et 
al.. 1982) before being placed on agar plates favoring the growth of B. bassiana (Doberski 
and Tribe. 1980). Plates were incubated for 10 d in total darkness at 28 C. after which they 
were examined for presence of B. bassiana. The trapping system used for the estimation of 
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the overall beetle population in each field (with a standard error of 0.25) (Hein et al., 1985) 
allowed us to determine whether levels of infection were density-dependent. 
Results 
There was a positive relationship between the size of the beetle population per hectare 
and the resulting percentage of adults infected with B. bassiana. A regression analysis of the 
percentage of beetles infected on the beetle emergence per hectare accounted for 42% of the 
total variation (SAS Institute, 1995) (Fig 1). Levels of B. bassiana infection were low in 
1999 and ranged from 0 to 0.7% whereas infection were slightly higher in 2000 with values 
ranging from 0 to 3.2% (Table 1). The percentage of infection was low, but when the overall 
beetle emergence per hectare is estimated, the number of adult beetles infected per hectare 
can be substantial. For example, at the Johnson Farm in 2000 the overall beetle population 
was estimated to be in excess of 2.4 million beetles per hectare. With 3.2% of the beetles 
infected, more than 76,000 beetles per hectare were infected with B. bassiana at emergence. 
Assuming 50% of the beetles killed are females, and western com rootworm females (the 
primary species captured) lay approximately 1,000 eggs each (Short and Hill, 1972), the 
potential reduction in egg load is 38 million. 
Discussion 
Our results show that the percentage of beetles infected with B. bassiana at 
emergence is fairly low. but beetles were infected in five of the seven fields surveyed, 
indicating that natural inocula of B. bassiana active against Diabrotica spp. are widely 
spread. Tillage did not have a significant impact on the percentage of infection. Reduced 
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tillage regimes delay beetle emergence (Gray and Tollefson. 1988), but in our study the 
increased amount of time in the soil did not result in higher levels of infection. 
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Figure Legends: 
Figure 1. Linear regression of mean percentage of Diabrotica spp. beetle infected on the 
adult beetle population per hectare. 
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TABLE 1 
Mean percentage of adult Diabrotica spp. (± SEM) infected with Beauveria bassiana at 
emergence 
Farm Year Tillage" Infection (%) 
Johnson 1999 Conventional 0.50 ±0.34 
Kulver 1999 Conventional 0.00 ± 0.00 
Ankeny 1999 No Till 0.69 ± 0.48 
AG 450 2000 Conventional 1.86 ± 1.00 
Johnson 2000 Conventional 3.17 ±0.56 
Ankeny (field I) 2000 No Till 2.10 ±0.88 
Ankeny (field 2 ) 2000 No Till 0.00 ± 0.00 
" Conventional tillage, field cultivation prior to planting; no till, no soil preparation prior to 
planting. 
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ROLE OF CARPOPHIL US FREE MAN I (COLEOPTERA: NITIDULIDAE) IN THE 
TRANSMISSION OF BEAUVERIA BASSIANA 
Introduction 
Several species of Nitidulidae. including Carpophilus freemani (Coleoptera: 
Nitidulidae) are associated with the corn ecosystem (Vinal and Caffery 1919). They are 
fungivores and are known to frequent feeding tunnels in corn made by larvae of the European 
corn borer (ECB), Osirinia nubilalis (Lepidoptera: Crambidae) (McCoy and Brindley 1961). 
Because of its behavior C. freemani, as well as other Nitidulidae species, would naturally 
encounter B. bassiana in O. nubilalis tunnels containing mycotic larvae, on the corn leaf 
surface or in the leaf collar area. The beetles frequent tunnels most likely to feed on the fungi 
growing on the plant exudate and have been found in these tunnels with a mycosis caused by 
B. bassiana (unpublished data). Some Nitidulidae. including C. freemani, are known vectors 
of plant pathogens (Lussenhop and Wicklow 1990). Characteristics that are used to define a 
successful vector are those of Dowd (1998). A vector must naturally encounter the fungal 
agent, and must carry the fungus to crop/site in a viable condition. The objective of this 
study was to determine if C. freemani serves as a vector of B. bassiana. 
Materials and Methods 
Feeding Studies 
Studies were performed in the laboratory to determine the ability of C. freemani to 
transport Beauveria bassiana conidia via their fecal material. The experiment was conducted 
as a randomized complete block design with six replications and three beetles per replication. 
Laboratory reared C. freemani adults were obtained from Dr. Pat Dowd (National Center for 
Agricultural Utilization Research, United States Department of Agriculture, Agriculture 
Research Service, Peoria, Illinois). Treatments were C. freemani adults fed B. bassiana 
conidia for 24 hrs and beetles not fed fungus as an untreated control. Carpophilus freemani 
adults starved for 24 hrs were placed into individual rearing containers (60 mm * 15 mm 
petri plates) and fed conidia of B. bassiana for 24 hrs. Beetles not fed B. bassiana were 
starved for an additional 24 hrs. All beetles were offered water throughout the course of the 
experiment. To remove any exterior conidial contamination, beetles were submerged in a 3 
% Clorox (NaOCl) solution for 1 min and then rinsed for 1 min in sterilized distilled water 
(Shortt et al. 1982). Sterilized beetles were placed into new rearing containers and offered 
apple slices and water. Beetles were allowed to feed on apple for 2-3 days. Each fecal 
dropping from a beetle was collected and placed on agar plates favoring the growth of B. 
bassiana (Doberski and Tribe 1980) using a fine paint brush sterilized between each fecal 
dropping. Plates were allowed to incubate at 28°C for 10 days in total darkness and observed 
for the growth of B. bassiana. The percentage of fecal droppings positive for B. bassiana 
growth was determined. 
Mechanical Transfer Studies 
Studies were also conducted to determine if C. freemani could mechanically transfer 
B. bassiana conidia. Experiments were conducted as a randomized complete design with 
three replications and two beetles per replication. Beetles were dipped for 1 minute in a 5 ml 
solution of 0.1% Tween 80 containing 1%10* conidia/ml of B. bassiana isolate 726. Isolate 
726 is highly virulent towards ECB. Control beetles were dipped in a 5 ml solution of 0.1% 
Tween 80 not containing B. bassiana conidia. Stalks from com grown in the greenhouse 
(Garst 8543) were cut into 7.5 cm sections and the center of each stalk section hollowed out 
with a# 2 cork borer to simulate a ECB tunnel. Three C. freemani adults and/or a diapausing 
ECB larvae were placed into each tunnel. Treatments were; 1) beetles dipped in B. bassiana 
placed in a tunnel for 24 hrs after which the tunnel was swabbed. 2) beetles dipped in B. 
bassiana placed in a tunnel for 24 hrs, beetles removed: followed by placement of a 
diapausing ECB larva into the tunnel for 24 hrs. 3) beetles dipped in B. bassiana and a 
diapausing ECB larva placed together in the tunnel for 24 hrs. 4) beetles not dipped in B. 
bassiana placed in a tunnel for 24 hrs, removed and the tunnel was swabbed, 5) beetles not 
dipped in B. bassiana placed in a tunnel for 24 hrs, beetles removed; followed by placement 
of a diapausing ECB larva into the tunnel for 24 hrs. 6) beetles not dipped in B. bassiana and 
a diapausing ECB larva placed together in the tunnel for 24 hrs. The open end of the tunnel 
was plugged with sterile cotton and the section of stalk was placed into a small glass jar (4 
oz), to prevent the loss of any test insects that may have escaped from the tunnel. Once 
larvae were removed from the tunnel they were placed on laboratory diet (Guthrie et al. 
1985) for 10 days and observed for mycosis. Sterile swabs (15.25 cm in length) model PDC-
200; (Precision Dynamics Corporation, San Fernando, CA) were used to thoroughly swab the 
inner surface of the tunnel. Swab tips were cut off and placed into a 10-ml culture tube 
containing 5 ml of a sterile 0.1 % Tween 80 solution. The culture tube containing the swab 
tip was agitated using a Vortex Genie for 1 min and 250 u\ of the suspension streaked onto 
each of two agar plates favoring the growth of B. bassiana (Doberski and Tribe 1980). The 
focus of these treatments was to determine the number of colony forming units (CPU) 
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deposited in a tunnel by C. freemani and the ability of C. freemani to mechanically transfer a 
sufficient amount of B. bassiana conidia to infect ECB larvae feeding in the com plant. 
Statistical Analysis 
Data were analyzed with the Analysis of Variance using the General Linear Models 
Procedure (SAS Institute 1995). The feeding experiment consisted of three runs of 6 
replications with three beetles in each treatment replication. All data from the three runs 
were combined for analysis. An arcsine transformation of the percentage of beetle droppings 
positive for B. bassiana conidia from each treatment were calculated and used in all analyses. 
Data from the mechanical transfer of conidia experiment were analyzed for the mean number 
of CPU per tunnel in those tunnels that were swabbed and the percentage larvae exposed to 
tunnels infected with B. bassiana. All means were separated using Student's t test and the 
reference probability used was P s 0.05 (SAS Institute 1995). 
Results 
Feeding Studies 
There were significant differences in fungal transport between fed and control beetles. 
Carpophilus freemani fed B. bassiana transported conidia in a significantly higher percentage 
of their fecal material than those beetles not fed B. bassiana conidia (F= 26.11; df = 1,124; P 
> 0.001). There were a total of 266 droppings collected from beetles fed B. bassiana and 332 
from control beetles. Beetles fed B. bassiana had viable conidia/mycelia in 14% or 37 of 
their fecal droppings, while none of the fecal droppings collected from beetles in the control 
treatment contained viable conidia/mycelia. 
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Mechanical Transfer Studies 
Carpophilus freemani contaminated with conidia are vectors of B. bassiana. 
Treatments designed to determine the mean number of CFU that C. freemani deposit in ECB 
tunnels showed that beetles exposed to B. bassiana leave significantly more CFU in tunnels 
than beetles not exposed to B. bassiana {F = 5.04: df = 1.10: P j. 0.04). Treated beetles 
deposited a mean of 18 CFU in tunnels, while control beetles did not deposit any CFU in 
tunnels. There were no significant differences between treatments in the percentage larval 
infection (F= 1.00; df = 3.8: P > 0.44), but larvae placed in tunnels simultaneously with 
beetles treated with B. bassiana or in tunnels from which treated beetles had been removed 
did become infected with B. bassiana. Larvae in tunnels with control beetles or in tunnels 
from which control beetles had been removed did not become infected with B. bassiana. 
Discussion 
These studies demonstrate the ability of C. freemani to transfer B. bassiana both via 
their fecal material and mechanically. This phenomenon may play an important role in the 
dynamics of B. bassiana. Carpophilus freemani is susceptible to B. bassiana. but these 
results demonstrate that passage through the digestive tract, or mechanical transfer to the 
tunnel or an ECB larva can take place prior to the beetles themselves dying from an infection. 
The exact number of B. bassiana conidia that Nitidulidae are responsible for transferring in 
the corn ecosystem is unknown. Further studies are needed to fully understand the role of C. 
freemani. as well as other Nitidulidae species that are common in com. in the dynamics of B. 
bassiana. The behavior of Nitidulidae to frequent com tissue damaged by feeding insects, as 
well as feeding on molded pollen and anther accumulations in leaf axils (Dowd 1998). would 
put them into frequent contact with B. bassiana and a variety of insect pests. Contaminated 
beetles deposit significantly more CFU in insect tunnels than those that have not been in 
contact with B. bassiana. Beetles contaminated with B. bassiana also mechanically transfer 
enough inoculum to ECB larva to cause an infection. The surface of Nitidulidae are well 
suited for the transfer of fungal conidia and, if exposed to conidia on the surface of the com 
plant or a mycotic cadaver, they could vector B. bassiana. 
My studies indicate that C. freemani, under laboratory conditions, can successfully 
vector B. bassiana to ECB larva. Field studies are needed to quantify the rate of B. bassiana 
vectored in the environment by C. freemani as well as other species of Nitidulidae common 
in com i.e., Glischrochilus quadrisignatus (Coleoptera: Nitidulidae). Several species of 
Nitidulidae are known to vector a variety of disease causing organisms to a number of crops. 
Yeasts can be readily digested by some Nitidulidae (Miller and Mrak 1954), while the spores 
of Ceratocystis spp. (Moller and deVay 1968, Jewell 1956) and Aspergillus flavus (Wicklow 
1995) can retain high viability after passing through the digestive tract. Carpophilus 
freemani is able to pass the spores of Ceratocystis fimbriata for up to eight days after final 
contact with the source (Moller and deVay 1968). Carpophilus freemani have gut crypts 
which may serve to slow conidial flow over an extended period of time, while retaining 
viability in the protected environment of the gut. In this study, the length of time between 
final contact with the fungus and the passage of viable B. bassiana via the fecal material was 
not determined. Nitidulidae are capable of rapidly dispersing long distances. Carpophilus 
lugubris disperses oak wilt one mile in 24 h (Morris et al. 1955). and dried fruit beetles 
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Carpophilus hemipterus were recaptured over 2 miles from their release site after 4 days 
(Stickney 1950). The potential for extended passage of viable B. bassiana and mechanical 
transfer of conidia along with the dispersing ability of Nitidulidae and their association with 
plant tissue damaged by insects make them strong candidates to vector B. bassiana. 
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GENERAL CONCLUSIONS 
The overall objective of this research was to gain insight into the dynamics of 
Beauveria bassiana. How is the fungus transported in the environment? What role 
environmental factors play in fungal transport? Where do insects aquire their infection in the 
environment? In order to begin to answer some of these questions, a series of experiments 
were conducted. I will begin by summarizing the findings from each study, and then discuss 
how these findings help explain B. bassiana dynamics. 
Studies performed initially in the laboratory and later validated in the field quantified 
the role of rainfall in transporting soil-borne conidia to the surface of corn. There is an 
inverse relationship between conidial transfer and crop residue, whereas there was a positive 
relationship between the mg of soil transported to the plant surface during a rain event and 
the amount of fungal transport. Thus, B. bassiana present in the soil as a saprophyte or on an 
insect cadaver is transported with soil particles to the plant surface during a rain event. 
Beauveria bassiana applications were made to whorl and pollen shed stage com 
plants for control of western com rootworm beetles. In addition. I determined which plant 
surface frequented by beetles was serving as the source of B. bassiana inoculum. Beetles 
were confined on leaf collars and ear tips separately, and on leaf collars and ear tips together. 
The leaf collar areas of all plants from the whorl and pollen shed stage studies were swabbed 
to determine if B. bassiana survived in the leaf collar area. Whorl stage applications were 
made to determine if a single application of B. bassiana would provide season-long 
suppression of com rootworm beetles, similar to season-long suppression obtained with the 
European com borer (Lewis and Cossentine. 1986: Lewis and Bing, 1991). Whorl stage 
application did not result in significantly higher levels of beetle infection, most likely due to 
the loss of fungal viability and the decline in colony forming units (CFU) observed in the leaf 
collars of treated plants during the growing season. A similar reduction in CFU was 
observed on corn by Mulock and Chandler (2001) and on other plant species such as cabbage 
and cowpea (Daoust and Pereira, 1986; Vandenberg et al., 1998) and alfalfa (Inglis et al., 
1993). Pollen shed stage applications of B. bassiana were also made to coincide closely with 
natural beetle presence in the field. Pollen shed stage applications of B. bassiana in 1998 
resulted in significantly higher levels of beetle infection on plants treated with B. bassiana, 
but this was not the case in 1999 and 2000. Treatment with B. bassiana at whorl or pollen 
shed stage significantly increased the number of CFU present in the leaf collar. Over the 
course of the study there were no consistent significant differences in beetle infection 
between plant surfaces to which beetles were exposed. Beetles became infected with B. 
bassiana from each of the surfaces to which they were exposed. 
To determine the percentage of Diabrotica spp. infected with B. bassiana at time of 
emergence from the soil, live beetle captures were made from several locations within 
conventional and no-till tillage systems. There were no differences in beetle infection 
between tillage types. The slowed emergence of beetles in no-till systems (Gray and 
Tollefson. 1988) did not result in higher levels of beetle infection. Overall levels of infection 
in beetles were low. ranging from 0 - 3.2% over the two years of the study. Five out of the 
seven fields surveyed had beetles infected with B. bassiana, showing that 72% of the fields 
had natural B. bassiana inocula virulent towards Diabrotica spp. While the percentage of 
infection is small, the potential reduction in egg production is substantial. There does appear 
to be a positive relationship between beetle population per ha and the percentage of emerging 
beetles infected with B. bassiana. 
Studies performed to determine the role of Carpophilus freemani (Coleoptera: 
Nitidulidae) in transporting B. bassiana biotically and abiotically. Nitidulidae are fungivores 
and have a well documented relationship with com (Vinal and Caffery, 1919) and other 
insects i.e., the European com borer (McCoy and Brindley. 1961). Nitidulidae could play an 
important role in fungal transfer in the com ecosystem. Mechanical transfer of B. bassiana 
conida from an inoculating device to com ear tips has been established (Vega et al., 1995). 
My studies looked at the ability of Nitidulidae to transport B. bassiana via their frass, and 
mechanically transfer B. bassiana to a European com borer (ECB) larva when contaminated 
with conidia. Beetles fed B. bassiana conidia pass viable conidia in their fecal material and 
beetles treated with B. bassiana conidia vector B. bassiana to ECB. 
The results of these studies give insight to the epidemiology of B. bassiana. 
Movement of conidia from the soil environment to the surface of com would facilitate the 
formation of an endophytic relationship, plus put these conidia into contact with 
phytophagous insects. Features of the soil surface influenced conidial transfer during rain 
events which is important when considering fungal dynamics in different tillage systems. 
Com rootworm beetles became infected with B. bassiana when exposed to the plant surface 
and were found to be infected when emerging from the soil. If the environment where 
beetles are most prone to be contaminated with conidia can be determined, then augmentation 
of the system with B. bassiana may facilitate higher levels of infection. Beauveria bassiana 
survived in the leaf collar over the course of the growing season, so it may be possible that 
conidia splashed to the surface of com during a rain event would be able to survive in the leaf 
collar area the entire growing season. In my studies, however, B. bassiana in the leaf collar 
area of com did not lead to substantial levels of beetle infection. Nitidulidae may play an 
important role in disseminating B. bassiana in the environment either mechanically or via 
their fecal material. Because of the their behavior of frequenting com, especially damaged 
plant tissue (Sanford and Luckman, 1963), Nitidulidae may vector B. bassiana directly to 
insects feeding on com such as the European com borer. 
This research provides answers to a few of the basic questions about the dynamics of 
B. bassiana, but also raises additional questions. How many conidia are needed to form an 
endophyte? Do conidia splashed onto the surface of com infect surface feeding pests? Could 
feeding stimulants be used to increase contact between B. bassiana and com rootworm 
beetles leading to higher levels of beetle infection? What are the roles of other 
environmental factors, such as wind in the long range transport of dry conidia? 
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